Gene duplication has been a major mechanism for increasing genomic complexity and variation during evolution. The evolutionary history of duplicated genes has been poorly studied along the vertebrate lineage. Here, we attempt to study that history by analyzing the expression of two members of the Snail family, Snail and Slug, in representatives of the major vertebrate groups. We find a surprising degree of variability in a subset of the expression sites for both genes in different species. Although some of the changes can be explained by neofunctionalization or subfunctionalization, others imply reciprocal changes in the expression of the two genes and the reappearance of expression in sites lost earlier in evolution. Because these changes do not fit easily into current models, we need to invoke additional mechanisms acting on enhancer elements to distribute expression domains and functions of duplicated genes unequally during evolution.
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DDC model ͉ EMT ͉ gene duplication M ultiple gene families contain several members in vertebrates when compared with a single gene in their closest invertebrate relative (amphioxus), which is indicative of largescale duplications after the protochordate/craniate divergence (1) (2) (3) . Under a simple adaptationist scenario, the preservation of duplicates would be based on the acquisition of a new function (neofunctionalization) or the existence of a dosage-dependent advantage. If the latter were the case, only a small fraction of duplicated genes would be present in two copies, with the vast majority of them being inactivated by the random accumulation of deleterious mutations. However, there is a high rate of retention of duplicated copies in vertebrate genomes.
In addition to neofunctionalization, a further mechanism has been proposed recently to account for the maintenance of gene duplicates. It implies the occurrence of complementary degenerative mutations causing the differential loss of independent regulatory elements in either duplicate. In this way, each copy will carry out unique nonredundant roles, with the original functions being distributed between the two daughter copies. This mechanism has been called subfunctionalization or partitioning of ancestral functions and has been formulated under the ''duplication-degeneration-complementation'' model (DDC) that justifies the high rate of duplicated gene preservation during vertebrate evolution (4, 5) . A central requirement for this model is the modularity and dissociability of gene expression by means of discrete and separable enhancer elements responsible for spatially and temporally restricted transcription. The unequal distribution of active enhancers in the daughter copies of a given gene explains their differential expression.
The DDC model has been extensively examined in the recent extra-duplication events that occurred in the teleost lineage (6, 7) by comparing expression patterns of duplicated genes in zebrafish to single-copy genes in other vertebrates (8) (9) (10) (11) . However, in the case of duplications at the base of vertebrates (1-3), the comparison and study of how duplicated genes diverged is more complex because of the evolutionary distances that separate extant vertebrate and invertebrate species. To examine divergences following these ancient duplications, we have analyzed and compared two members of the Snail family, Snail and Slug, in different species representative of the major vertebrate groups.
Snail genes constitute an evolutionarily conserved superfamily of zinc-finger transcription factors composed of the Snail and Scratch families with central roles during embryonic development (12) . Members of the Snail family are involved in mesoderm formation and neural development from Drosophila to mammals (13) . In vertebrates, they are fundamental for the triggering of the epithelial-mesenchymal transition (EMT), a process that occurs in mesoderm and neural crest development and confers epithelial cells with migratory and invasive properties (13) . In addition, Snail has been coopted for the triggering of EMT during the acquisition of malignancy in tumor progression (13, 14) . Robust phylogenies for this gene family are available, as well as distinctive peptide motifs for each family member, making the assignment of any given gene straightforward (12) .
Only one Snail gene is present in protochordates (15, 16 ), whereas at least two genes, Snail and Slug, have been found in all vertebrate species analyzed so far (12) . After duplication, these genes distribute some of their functions. Only one gene of the pair is expressed in the dorsal neural tube or in the tail bud mesenchyme of chicken and mouse embryos (17) , which are two sites of expression of the single ancestor Snail gene in amphioxus and ascidians (15, 16) . However, this distribution of functions did not occur at a single point in vertebrates, as it has been shown that a subset of the early sites of expression and function of these two genes are interchanged between mouse and chick (17) (18) (19) (20) . Snail is the gene expressed in the mouse primitive streak and premigratory neural crest (pnc) cells, whereas in the chicken embryo, the gene expressed is Slug. Accordingly, Snail-null mutant mice, but not Slug mutants, die early at gastrulation because of defects in mesoderm formation and migration (19, 20) . On the other hand, interfering with Slug expression in chicken embryos results in severe defects in neural crest and mesoderm development (18) .
We have extended these observations to cartilaginous and bony fishes, reptiles, and turtles, and found a much higher degree of variability in domains of expression for this gene pair than expected. Distribution of functions between Snail and Slug has occurred at multiple points in vertebrate phylogeny, and evolutionary reversals are present. Previously uncharacterized mechanisms involving enhancer function must be invoked to explain this situation. Rare genomic rearrangements or epigenetic mod-ification of enhancer function could be the causal explanations for our observations.
Materials and Methods
Embryos. Scyliorhinus canicula embryos were kindly provided by Ramón Muñoz-Chápuli (University of Malaga, Malaga, Spain), who obtained them from local fishermen and raised them in the lab under running seawater to the desired stages. Freshly laid Mauremys caspica eggs were provided by Gervasio Martín-Partido (University of Badajoz, Badajoz, Spain; with permission for recollection from the Junta de Extremadura) and incubated at 28°C in the lab to the desired stages. Chelydra serpentina eggs were obtained from a commercial provider and incubated at 37°C. Embryos for both turtles were staged according to tables of normal development by Yntema (21) . Eublepharis macularius embryos were dissected from freshly laid eggs provided by Oscar Campos (Madrid Zoo, Madrid), and zebrafish (Danio rerio) embryos were kindly provided by Qiling Xu [National Institute of Medical Research (London)]. Sequence Analysis. PCR products were cloned in the pGem-T easy (Promega) or the PCRII-TOPO (Invitrogen) vectors, sequenced, and compared by using the BLAST family of programs (www.ncbi.nlm.nih.gov/blast/; ref. 22) . Sequence alignments were carried out by using CLUSTAL (23) and corrected by visual inspection. Sequence alignments of vertebrate Snail and Slug proteins and zebrafish EST, and pufferfish genomic DNA accession numbers are available in Fig. 8 , which is published as supporting information on the PNAS web site, www.pnas.org.
In Situ Hybridization. Snail and Slug amplified fragments were used as templates for in vitro transcription of DIG-11-UTP-labeled antisense RNA probes. In situ hybridizations were carried out on whole mounted embryos as described (24) . After hybridization, embryos were fixed in 4% (wt/vol) paraformaldehyde in PBS, washed in PBS, and photographed in whole mount under a Leica M10 dissecting scope. Subsequently, they were gelatinembedded, sectioned at 50 m on a vibratome, cleared in 50% glycerol in PBS, mounted in the same solution, and photographed by using a Leica DMR microscope with Nomarski optics using an Olympus DP-10 digital camera. Snapping turtle (C. serpentina) embryos were used for expression studies because of their easier availability. Although scarce, the expression data obtained in M. caspica are identical to those shown for C. serpentina.
Results

Cloning and Identification of Snail and Slug Genes from Vertebrates.
In an effort to characterize Snail and Slug genes from a range of vertebrate species as broad as possible, we have cloned both genes by RT-PCR with degenerate primers from a cartilaginous fish (dogfish, Scyliorhinus canicula), a turtle (caspian turtle, Mauremys caspica), and a lizard (leopard gecko, Eublepharis macularius; Fig. 8 ). Furthermore, we have exhaustively analyzed zebrafish (D. rerio) and pufferfish (Takifugu rubripes) sequence databases to identify the full set of Snail genes in teleost fishes. Two Snail genes (snail1 and snail2) have been described in both fish species (25) (26) (27) (28) , and sequence and syntheny relationships clearly show that they are more closely related to the single Snail gene present in other vertebrates than to Slug. Data mining allowed us to identify ESTs for a single Slug gene in zebrafish and a genomic fragment containing its pufferfish homologue (Fig. 8) . These searches, combined with cDNA library screenings in zebrafish, failed to identify a presumptive second Slug homologue. Therefore, we suggest that teleost fishes have two Snail genes and a single Slug gene. The comparison of the expression of these genes to that in mouse, chick, and Xenopus provides a phylogenetic range covering all mayor extant vertebrate groups.
Embryonic Expression of Snail and Slug in Vertebrates.
We analyzed by in situ hybridization Snail and Slug expression patterns in dogfish, zebrafish, turtle, and lizard embryos at different developmental stages and compared their distribution with that of the previously characterized mouse and chicken Snail and Slug (17, 18, 29, 30) and zebrafish snail1 and snail2 genes ( Fig. 1; refs. 25 and 26). These genes are expressed at multiple sites during embryogenesis in all species analyzed. Among them are the premigratory and migratory neural crest, cranial mesenchyme, branchial arches, mesoderm, limb buds, and tail bud mesenchyme. In some territories, such as in the migratory neural crest and the branchial arches, there is a significant overlap between the expressions of the two genes. Other domains of expression have been unequally distributed among them, such as the pnc, the paraxial mesoderm, or the tail bud (see below). However, as shown in Fig. 1 , the sum of Snail and Slug expression sites is conserved among all vertebrates. If we accept that the duplication event occurred at or very close to the origin of vertebrates (1), and we do not consider cases of neofunctionalization, we can assume that the single Snail family gene present in the predecessor of all vertebrates was expressed in these locations or their corresponding evolutionary precursors. Later, expression sites could be distributed between Snail and Slug after duplication and divergence in accordance with the DDC model.
Conserved Unique Expression Domains of Snail and Slug in Verte-
brates. In our expression analysis, we could also detect specific domains for either Slug or Snail. Slug genes from all of the species examined are expressed in the lens at early developmental stages (Fig. 2) , whereas Snail genes are not expressed in this tissue at these stages (not shown). The lens can be considered a vertebrate-specific character, derived from a nonneurogenic ectodermal placode and absent in other chordates (31) . Therefore, this expression site could have been newly acquired before the divergence of cartilaginous fishes and, very likely, concomitantly with the appearance of this structure.
On the other hand, we could also detect asymmetric Snail expression on the right side of the lateral plate mesoderm in turtle embryos (not shown), similar to what has been described for mouse and chick embryos (17, 32) . This expression is a very transient one in all three species and is what precluded us from detecting it in the other vertebrates used in this study. The amphioxus homologue of Ptx, a putative Snail downstream target (13), shows a conserved asymmetric expression (33) , but this asymmetry has not been examined for amphioxus Snail itself (16) . However, left-right asymmetric expression has been found for one snail homologue in the mollusk Patella vulgata (34) . Thus, asymmetric expression might have been present before gene duplication at the base of vertebrates, and later on retained only by the Snail gene.
Variability of Snail and Slug Expression in the Neural Crest and the Tail
Bud. As for other expression sites, we noticed an unusual rate of variability in the expression of Snail and Slug genes in the pnc (Figs. 3 and 4 ) and in the tail bud mesenchyme (Figs. 5 and 6), which is indicative of a high plasticity and modularity in the regulation of these genes. Snail is expressed in the pnc of zebrafish (snail2) and mouse ( Fig. 3 B and F) and in dogfish embryos (Fig. 4A) . Slug is expressed in this population in the sauropsid lineage (lizard, turtle, and chick; Fig. 3 H-J) . This finding can be better assessed in the sections taken at the trunk level and shown in Fig. 4 . This observation suggests that a swapping in Snail and Slug expression occurred after the divergence of sauropsids and mammals. A different situation is observed in the tail bud mesenchyme. Both Snail and Slug are expressed in the undifferentiated tail tip mesenchyme of dogfish embryos ( Fig. 5 A and H, and sections in Fig. 6 A and H) , whereas nly Snail is expressed in the tail bud of zebrafish (snail1), lizard, turtle, and mouse embryos (Figs. 5 B, D , E, and G, and the corresponding sections in Fig. 6 ). Conversely, the chicken tail bud only expresses Slug (Figs. 5L and 6L) . Thus, in this tissue, the silencing of Snail and activation of Slug is specific to the avian lineage. It is noteworthy that in zebrafish, expression in the pnc and tail bud has been distributed between snail1 and snail2 (Figs. 4 B and C and 6 B and C), whereas the single slug gene is not expressed in either (Figs. 4I and 6I) . Therefore, we detect changes in the distribution of expression domains of Snail genes that can be mapped at precise points in the phylogeny of vertebrates.
Discussion
A model to explain the large-scale retention of duplicated genes has been proposed wherein quick divergence accompanied by the novel acquisition of an adaptive advantage (neofunctionalization) and/or the partitioning of the ancestral gene functions between copies (subfunctionalization) leads to positive selection and preservation of the duplicates (DDC model; refs. 4 and 5). Degenerative mutations have been regarded as the main mechanism behind this model (5), and experimental evidence proves so for both exons (11, 35) and cis-regulatory elements (8) in duplicated zebrafish genes. Specific expression of Slug in the lens and the distribution of expression domains between zebrafish snail1 and snail2 (Fig. 7) would fit within this scenario.
The observed variation in the expression of the two genes in the pnc and tail bud mesenchyme indicates that (i) an event that must have occurred shortly after gene duplication selected Snail expression in the pnc; (ii) a second event led to the interchange between Snail and Slug expression in this territory in sauropsids; (iii) after an initial phase of coexpression in cartilaginous fishes, and before the divergence of bony fishes, Slug lost its expression in the tail bud; and (iv) a subsequent event, specific to the avian lineage, led to Snail disappearance and Slug activation in the tail bud (Fig. 7) .
This picture cannot be explained simply by selective loss of Slug enhancer(s) responsible for pnc or tail bud expression after gene duplication and divergence, as we need to account for the reappearance of these elements in the sauropsids or avian lineage. In this case, we would need to invoke extremely unlikely events as the reversal of degenerative mutations or ''de novo'' creation of tissue-specific regulatory elements to account for the reappearance of these expression domains after their loss at earlier stages in evolution. Although such events may occur over short time-scales (36) , it has such a low probability in our situation that it could be described as an evolutionary reversal, in the sense prohibited by Dollo's law on the irreversibility of evolutionary changes (36) . A possibility we cannot formally rule out is that ancestors of all of the species analyzed retained expression of both genes in pnc and tail bud, and that independent enhancer loss by mutation occurred in each lineage. In this case, the distribution of expression patterns we observe would not reflect common descent, but random variation. Once more, this is an extremely unlikely scenario, where in all ancestors both duplicated genes were necessarily expressed at all sites simultaneously.
Other possible mechanisms to explain our set of observations include changes in the genomic structure of these genes or epigenetic modifications of enhancer activity. In the first case, chromosomal interchange between Snail and Slug loci could have determined a redistribution of the enhancer elements responsible for driving these sites of expression. Mapping information shows that two genes that lie at opposite sides of the Snail locus in humans and mouse (HCK and BMP7; Fig.  9 , which is published as supporting information on the PNAS web site) are linked in the chicken genome (37) . This observation excludes the possibility of a single translocation or noncanonical recombination event in the avian lineage but does not rule out a double crossing-over, interchange, or gene conversion (38) . In this last scenario, these events must have occurred twice in vertebrate evolution and affected different cis-regulatory elements, once on the pnc enhancer(s) in the sauropsid lineage and another on the tail bud enhancer(s) in the avian lineage.
As for epigenetic changes, we can consider that pnc and tail bud enhancers are present and conserved in both Snail and Slug genes of all species but that, in specific contexts, one of them is functionally dormant. To be structurally maintained, they would need to serve additional functions during development or adult life. Methylation, chromatin structure, or the availability of upstream regulators could be causal explanations for this situation. Lifting of these silencing mechanisms on Slug pnc and tail bud enhancers would result in their reappearance in the sauropsid or avian lineage, respectively. Functional equivalence between Snail and Slug (39) would permit the concomitant disappearance of Snail in these territories with no detrimental effect.
The possibilities described above do not enter into conflict with the current DDC model, but extend the range of mechanisms that can act on enhancer elements during evolution to distribute expression domains and functions of duplicated genes unequally. Both hypotheses, changes in genomic structure or epigenetic modifications, can be tested once the nature and structure of the cis-control elements responsible for Snail and Slug expression are characterized. Sequence comparisons such as those recently carried out for the HoxA cluster (40) and crossspecies transgenic assays for enhancer activity in mice with genomic sequences from other species (most importantly chicken) can provide answers to the accuracy of the different predictions made by each hypothesis.
The present analysis of Snail/Slug duplicated genes during vertebrate evolution reveals a much higher degree of plasticity and complexity than expected and highlights the risk of using expression or function as phylogenetic characters when studying the evolution of gene families. This analysis is also a clear demonstration that the irreversible loss (or modification) in the activity of cis-regulatory elements is not a fixed feature of duplicated gene history, and that rare and not parsimonious events can be observed more than once in the evolution of a single genetic regulatory system. This work also underscores the importance of comparative studies of gene expression during development, not only between distantly related model systems, but also over a broad range of more closely related species (9, 41, 42) .
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